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SUMMARY

This report describes the results of a program to design,

manufacture, test and deliver a lead vapor cell suitable for use

in the frequency down-conversion of XeCZ laser light by means of

stimulated Raman scattering. The principal objective of the

program was to demonstrate that the heat pipe techniques used

for the confinement of high temperature lead vapor in a lead

vapor laser can be adapted to this application and produce long

life operation. The specific goals were to achieve a temperature

f 130C (lead density = 2xi0 /cm ) over a length Z.0 60 cm

(pd = 1.2xl19 /cm 2 ) for a minimum operating time of 500 hours.

The cell was designed using a high density ceramic tube

with demountable window assemblies and a commercial high tempera-

ture process tube furnace. An optical absorption system was

designed and implemented in order to monitor the lead vapor den-

sity in the cell. Two types of wicking materials for capture

and recirculation of the metal were tested. One material (W)

was determined unacceptable, but the second (WC) produced excep-

tional test results.

A long life test was run for a continuous period of 835

hours during which the lead vapor density varied from 1.7-1.6x
17 310 /cm 3 . This corresponds to an equivalent operating tempera-

ture of %1270 0 C. Since the hot zone was %85 cm long the pd
19 2product varied from 1.45-' -xl0 /cm 2 . It was necessary to

terminate the test at that - psed time in order to hold the

contract within cost and schedule. A least squares fit to the

data of lead density as a function of time during the 835-hour

run predicts a useful operating life of 3900 hours if one selects

a pd = 1.2xl19 /cm 2 as the cutoff point. If the cutoff is lowered

to 1.0x019 /c. 2 , a factor of 20% below the contract goal, the

predicted operating life is 7500 hours.
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1.0 INTRODUCTION

Certain proposed Navy programs require laser sources emit-

ting in the blue-green region of the spectrum. This need has

motivated development programs over the last several years to

evaluate the feasibility of candidate laser systems. (! ) One of

the promising laser systems to emerge from this effort is the

rare-gas halide XeCZ. This laser satisfies several of the basic

performance requirements, but its laser line is at 308 nm in the

uv and Far removed from the blue-green. Therefore, it must be

frequenc' shifted to the proper region with a high conversion

efficiency if XeCZ is to be a viable blue-green laser system.

Efficient frequency down-conversion has been demonstrated

in several atomic (2 ) and molecular gases by means of stimulated

Raman scattering. Conversion efficiencies of 40-50% of the XeCZ

emission have been achieved using this technique in lead vapor at
concentrations on the order of 1016 1017 -3 (ore f1 1 cm (1200-1300°C).

Thus in order to have a blue-green laser system which meets4.

the practical performance criteria, the problem of frequency down-

conversion becomes one of maintaining a high lead vapor pressu're

(%30 torr, 13000C) for extended periods of time (multi-hundred to

thousands of hours). It is the goal of this program to apply the

techniques used for vapor confinement in lead vapor lasers (3'4 )

under less stressful conditions (0.5-1.0 torr, 925-950 C), to

evaluate them for this system operating regime and finally to

demonstrate long term operation (500 hours). Success in meeting

or exceeding these goals would have a significant impact on the

blue-green laser programs.

(1) R.Burnham and E.Schimitschek, "High Power Blue-Green Lasers,"
Laser Focus 17, 54 (1981).

(2) R.Burnham and N.Djeu, "Efficient Raman Conversion of XeCZ-
Laser Radiation in Metal Vapors," Optics Letters 3, 215 (1978).

(3) B.G.Bricks, "Development of the Discharge-Heated Lead Vapor
Laser," AFAL-TP-78-103, Air Force Avionics Laboratory, Wright-
Patterson AFB, OH 45433, 1978.

(4) T.W.Karras and B.G.Bricks, "Metal Vapor Laser Contaminant
Study," GE TIS No. 80SDS028, October 1980.
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2.0 TECHNICAL BACKGROUND: VAPOR CONFINEMENT
IN METAL VAPOR LASERS

The frequency down-conversion of the XeC lascr emission at

308 nm in the uv to 459 nm in the blue-green region of the spec-

trum has been efficiently accomplished by stimulated Raman scat-

tering in a lead vapor cell. Scattering is first observed in a

cell containing a buffer gas and a partial pressure of lead of

about 1 torr or greater. In order to achieve this lead vapor

concentration the active zone of the cell must be kept in the

temperature range of 1000-1100 0 C. Since conversion efficiency

improves with increased lead vapor concentrations, it is desirable

to operate a cell at about 30 torr or 1300 C. Under these oper-

ating conditions the useful operating life of a Raman cell is

limited by the strong thermal and concentration gradient diffu-

sion forces which deplete the active hot 7nne of metal vapor.

Similarly, one of the principal requirements for a practical

metal vapor laser system is the long term confinement of the

metal vapor within the active hot zone of the laser discharge

tube. A typical discharge tube for the GE-SSD metal vapor lasers

is made from high density ceramic (Coors AD998) and is approxi-

mately 100 cm long with an inner diameter in the range of 2.5 to

4.0 cm. Since the central zone of the discharge tube must be at

elevated temperatures for laser operation (950°C for lead and

1400 C for copper) anl the end window assemblies are close to

room temperature, there is necessarily a large thermal and con-

centration gradient at each end of the discharge tube. This gra-

dient evenLually degrades laser performance due to metal loss and

local condensation buildup of the metal in the cooler region

which apertures the beam.

At GE-SSD techniques from heat pipe technology have been

selectively adapted to the metal vapor laser to minimize these

deleterious effects by containing the metal vapors within the hot

active zone of the laser tube. The similarity in geometry, work-

ing material, and temperature profile between a metal vapor laser

discharge tube and a Raman scattering cell suggests that the

2



metal confinement techniques of the lasers may be applied equally

well to the lead vapor Raman cell.

In the metal vapor laser discharge tube a recirculating wick

structure is placed in each end. The normal thermal gradient at

the ends is specially tailored to produce a proper temperature

distribution along the length of the wick so that it will collect,

condense and return the liquid metal to the hot zone by capillary

forces.

The approach is obviously quite analogous to that of a heat

pipe, but certainly not identical to it. For example:

1) the cylindrical wicks are placed in both ends of a dis-

charge tube, but they must not occupy a significant

fraction of the length of a tube otherwise the pulsed

electrical discharge for laser excitation will be

shorted out.

2) since the ends must be open for operation of a laser

there will be a very small, but finite, loss of working

medium out of the ends of the wicks.

3) little heat transfer is accomplished (or desired) because

of the high buffer gas pressures required for discharge

operation and the relatively low density (temperature)

of the working medium.

For the laser applications regia porous structures have been

selected to provide the wicking action. The strength or rigidity

is an important criteria because the combination of high tempera-

tures, th2 hig-h surface tension forces of the liquid metals and

exposure to the high intensity pulsed electrical aiscflcd.y will

gradually distort more flexible wire or thin foil wicks. This

not only eventually results in wick failure, but in the laser

application any distortion which pulls the wick away from the

inner wall of the discharge tube will aperture the beam and degrade

laser output power and beam quality.

In the other important characteristics, such as having small

passages to enhance the capillary action, proper wetting and

3



materials compatibility, the laser wick requirements clearly are

the same as for heat pipe.

In the case of heat pipes the wicking structure extends the

entire length of the device with evaporation at one end, conden-

sation at the opposite end and an adiabatic zone separating them.

In the laser application the wicks occupy only a small percentage

of the length of the tube. The purpose of the high temperature

or evaporative end is to maintain the proper working partial pres-

sure in the laser active zone in the central region of the tube.

This is, in general, at most one to two inches of wick leng.th.

The function of the remainder of the wick is to capture and recir-

culate the metal vapor as it diffuses through the wick to the

cooler regions of the tube.

To our knowledge no theoretical iaivestigation of this diffu-

sion process and the capture ability of the wick and its fluid

metal transport properties under these conditions has been under-

taken in order to predict the confinement times. Furthermore, it

was beyond the scope of this program to do so. However, the data

accumulated in numerous experiments in our laboratory and others

have provided an empirical relationship between confinement time

(defined as laser operating time) and the length-to-diameter ratio

of the wicks. This relationship has been used to select the wick

length for the current application.

The first confinement experiments in a lead laser used sin-

t~red nickel wicks. This material exhibited excellent wetting

characteristics with lead, but wick failure occurred in 100 hours

or less. This was attributed to the relatively high soluability

of lead :nO nickel at the laser operating temperature of 9500 C.

More recent work with wicks for lead has concentrated on

refractory metals because of their superior characteristics at

high temperature and no soluability with lead. For example, wicks

have been manufactured by plasma spraying a 0.005 to 0.010 inch

layer of tungsten on tantalum sheet.
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This method greatly reduces the manufacturing cost and also

increases the flexibility for design changes. Since the sheets

can be sprayed in pieces of reasonable size, they can be cut and

rolled to f' tubes of different diameter. Similarily it is easy

to fashK - wicks of various lengths.

This tvpe of wick has operated successfully in a lead laser

Lor periods of approximately 100 hours in both a sealed and non-

sealed mode. Based on these positive results this wick type was

selected for the first tests on the current program.

' I I I



3.0 SYSTEM DESIGN

The objective of this program was to design a lead vapor

cell for Raman frequency down-conversion, purchase all necessary

components and materials, manufacture, test and deliver the cell.

The basic design criteria for the cell are listed in Table 1.

TABLE 1. DESIGN CRITERIA FOR THE

LEAD VAPOR RAMAN CELL

Cell Diamter: 2.5 cm

Cell Length - Active Hot Zone: 60 cm

- Overall Length: %6 ft

Operating Temperature: 1300°C

Operating Life: 500 hr

As the discussion in the previous two sections has indicated, it

was also intended that the design of the cell rely heavily upon

the techniques which have been used successfully at GE-SSD in

the metal vapor lasers. In the remainer of this section we shall

elaborate the design of the cell in some detail.

3.1 FURNACE DEFINITION

In the GE-SSD metal vapor lasers the proper operating tem-

perature (metal vapor density) for the tube is obtained by using

the waste heat from the pulsed electrical discharge. Since the

Raman cell is a passive device with no discharge present a furnace

is required to heat the cell to the desired working temperature.

The first three characteristics listed in Table 1 determine the

base line for definition of the furnace. A commercially-available

process tube furnace .nd controller were selected for this program.

They are a Lindberg process furnace model 54279 and d control con-

sole model 59545-A.

The furnace will accept a 2 inch OD working tube. This dimen-

sion allows some flexibility for mounting and supporting the 1-1/4

inch OD Raman cell tube. It also may permit the use of slightly

larger diameter tubes for the cell if such a change is desired in

the future.
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The furnace has a total hot zone lenyth between the end walls

of 36 inches. Power is applied to the heatcr elements which are

grouped in thret independently controlled zone heater units. This

overall hot zone length is 50% greater than the value called out

in Table 1, but it was decided that this margin was required to

ensure that a length greater than 24 inches could be rt"intained

at the desired operating tcmperazure if there was a significant

roll-off near the end walls of the furnace.

The heater elements for the furnace are silicon carbide rods

which give it a maximum operating temperature of 1500 0 C. This

capability also provides margin so that 13u00 C can be achieved

easily for extended periods of time.

3.2 CELL DESIGN

The design c4 the high temperature, lead vapor cell is based

heavily on the metal vapor laser discharge cubes. A schematic of

the cross-section of the cell and the process furnace is shown in

Figure 1. The sketch of the cell is to scale along the main axis

of the furnace but not in the t-ansverse direction.

The main tube of the cell is made from high density alumina

(Coors AD998) with dimensions 1 inch ID, 1-1/4 inch OD, and 72

inches long. The overall furnace length is 46 inches, allowing

13 inches of the tube to extead out each end. The tube is located

or, the axis of the furnace by alumina support rings at the outer

ends of the firebrick end walls. As can be seen in the figure, a

second alumina tube of larger diameter is also supportod by alu-

mina rings in the end walls and on the support columns which are

an integral part of the furnace.

The outer tube serves as a protective jacket for the main

cell tube. During the first two tests of the cell (without this

second outer tube) the main tube developed a series of incipient

cracks on its underside. These tubes eventually developed vacuum

leaks and fractured when a slight mechanical siress was applied.

This phenomena has never been observed with these tubes in a laser

environment despite the existence of similar or worse thermo/

mechanical stresses. We implemented the protective jacket tube

7
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to keep the main cell tube from looking directly at the heater

rods and the interior of the furnace. Even though the failure

mechanism(s) have not been defined, since this corrective action

was taken no additional failures have occurred.

Window assemblies are required for direct mounting on the

ends of the cell tube and must provide the following functions:

1) vacuum tight connection to the alumina tube, 2) vacuum/gas

line connections, and 3) support for high quality optical windows,

preferably demountable for ease in cleaning and/or replacement if

required.

The window assembly design is shown in Figure 2. The pair

of assemblies was manufactured in our in-house model shop. The

seal to the alumina tube is by the tapered "O"-ring compression

fitting. The tapered compression ring is necessary to accommodate

the rather large variation in dimensions of the tubes as they are

received from the vendor. Since the ID of the window assembly

also had to be oversized to accommodate the variation in tube

dimension a second "O"-ring, which performs no sealing function,

was included to keep the assembly in coaxial alignment with the

tube. The optical windows (Esco, quartz, 1/4 wave) are sealed

with a standard "O"-ring design. Vacuum/gas line connections are

made through the 1/8 inch pipe thread in each assembly.

The vacuum/gas handling system is also shown schematically

in Figure 1. A Welch model 1397 fore pump is used to evacuate

the cell and lines. Ultimate pump down pressures are measured

by a Hastings DV-5M, 0-100 micron thermocouple gauge. After out-

gassing of the ceramic tube at 13000C and the external tubing with

hot air guns, ultimate pressures in the range of 2-4 microns were
-9

achieved. The cell showed no leak on the 10 std cc/sec scale

of a helium leakchecker.

Appropriate valving was included to be able to isolate the

cell from the vacuum pump. A manifold was assembled to permit

the use of different buffer gees and mixtures. The pressure of

the buffer gas is measured by a Wallace and Tiernan model 61-lD-

0200, 0-200 mm pressure gauge.

.9
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The important remaining design characteristic of the cell

is the length and material composition for the recirculating wick.

The length of the wicks was chosen to be 8 inches. This is based
on two criteria. The first is the empirical relationship which

has been generated by work in this laboratory between the length-

to-diameter ratio (L/D) of the wick and the operating life of the

metal vapor laser. If this relationship can be directly applied

to the conditions encountered for the Raman cell, then an 8-inch

long wick (L/D=8) should result in a multi-hundred hour lifetime.

The second determining factor is the temperature roll-off

profile at the ends of the furnace since the gradient affects per-

formance, :ind the point at which the temperature goes below the

freezing point of lead will determine the maximum length. The

8-inch length is also consistent with roll-off profile at the end

of the furnace. (The details of the measurement of this profile

are discussed in Section 4.2.)

The choice of materials for the wicks was based on prior

experience in the metal vapor lasers. Since plasma-sprayed tung-

sten on a tantalum substrate has performed in the laser environment

it was chosen as the first composition to be tested.

A sintered tungsten wick would have been investigated, but

the vendor could not fabricate them 8 inches long. This, coupled

with their high cost, ruled out their use at this time. However,

it is believed that this type has certain definite merits and

should indeed be included for testing in the future.

Work on some early metal vapor laser programs in this labora-

tory showed that the carbides of some refractory metals have

superior wetting characteristics to the pure metals themselves.

Therefore, the second composition chosen to be tested in this

program was plasma-sprayed tungsten carbide on a tantalum substrate.

A third type could not be tested because the test program had

to be reduced in scope. This action was required due to a large

unexpected cost growth incurred during installation of the furnace.

11



4.0 TEST PROGRAM

4.1 FURNACE INSTALLATION

The high temperature furnace was installed in one of the

laser test laboratories on a 4'x8' air-suspension optical table.

This type of table provided a suitably sturdy mounting platform

for Lhe furnace which weighs several hundred pounds as well as

space for setting up some of the optical diagnostic equipment

described in Section 4.3.

The following tasks were required to bring the furnace

on-line:

1) wire control console to house power;

2) wire control console to furnace;

3) placing, packing and wiring the 32 silicon carbide
heater elements in their individual mounting holes.

After completion of the above tasks, each attempt to follow

the initial heat-up cycle called out by the manufacturer was ter-

minated by the breakage of one or more heater rods. This problem

persisted and was eventually traced, through a combined diagnostic

effort of both GE and vendor personnel, to a manufacturing defect

in the furnace.

Each heater element is mounted transverse to the main axis

of the furnace and is supported at each of its ends in holes

which pass completely through the firebrick sidewalls of the

furnace. The rods are a nominal 1/2 inch in diameter, and the

mounting holes are a nominal 3/4 inch diameter. Each rod is

located on the axis of its mounting holes by loosely packing the

annular clearance region with fibrous alumina.

It was discovered that the pairs of mounting holes for each

and every heater rod were misaligned by approximately 10. This

misalignment, coupled with the close fit of the elements in the

holes and the growth of all furnace components on heating, was
sufficient to put transverse stresses on some of the rods and

fracture them. The problem was most severe towards the ends of

the furnace.

12



The problem was corrected by simultaneously boring out each

pair of holes to an oversize diameter with a large piece of drill

rod. This increased the clearance and also essentially brought

the holes into angular alignment. Following this corrective action

satisfactory furnace operation was achieved. No further breakage

has occurred despite numerous thermal cycles, including many to

room temperature, which is particularly stressful to the heater

rods. This problem did, however, have a serious impact on both

the program schedule and cost.

4.2 THERMAL PROFILE ALONG WICKS

The operation of the wick material as a container of high

temperature metal vapor requires a proper temperature distribution

along the length of the wick. The inboard end of the wick must

be in the operating zone at the desired temperature and capable

of a net vaporization rate into the active zone to balance the

loss of vapor by diffusion to the cooler zones of the wick. The

remainder of the wick must efficiently capture and condense out

this vapor diffusing through it, and wick the liquid metal back to

the hot zone at a rate equal to the vaporization rate. The out-

board end of the wick must be above the melting point of the metal

in question, but not sufficiently high to vaporize significant

quantities of metal into the zone beyond the wick where it is lost.

If this occurs the wick obviously ceases to function efficiently

in its primary role as a metal vapor container. Since, in general,

wetting forces are greater at high temperature, the thermal gradi-

ent across the length of the wick causes the liquid metal to be

wicked from the cooler to the hotter regions uf the wick.

In the discharge-heated metal vapor lasers the proper tempera-

ture profile along the wicks is empirically determined by adjusting

both the position of the wick in the discharge tube and the heat
shielding exterior to the tube. The use of a furnace reduces this

flexibility because the principal thermal gradient occurs through

the firebrick end wall of the furnace, and there are no simple

changes which can be made to alter it significantly.

13



Since the wicks are placed deep inside the cell (Figure 1)

repositioning i8 very difficult. Also the scope and size of the

program placed severe limitations on the number of tests which

could be performed. Therefore, it was decided to measure the

temperature profile along a cell tube as it exits the furnace;*

and locate th7 wicks accordingly.

Following the initial bakeout of the furnace (with no process

tube in place, as per instructions), a cell tube was instrumented

with five thermocouples positioned as shown in Figure 3. The

thermocouples were bonded to the cell tube with Zircar alumina

cement. The temperature of the furnace was increased from 800 0 C

to 1300 0 C in 100 0 C increments, and the temperature was monitored

at each thermocouple. The experiment was performed with and

without an insulator sleeve covering the process tube within the

opening in the firebrick end wall. A portion of this data is

plotted in Figure 3.

From the curves it can be seen that the wall temperature of

the cell tube is equal to the furnace temperature setting approx-

imately one inch inside the end wall. With the furnace at 1300 0 C

the tube temperature passes below the melting point of lead

approximately one inch outside the firebrick end wall.

Based on this information a wick length of 8 inches was

chosen. Thus a wick would extend from one inch outside the end

wall to two inches inside the end wall which should ensure the

inboard end of the wick being at the furnace temperature. In

actual practice we have placed the wicks approximately one inch

further in so that the outboard end is coincident with the end

of the furnace. The roughly linear roll-off in temperature should

ensure good wicking action, and according to the empirical rela-

tionship the L/D ratio of eight should produce multi-hundred hour
operation.

*In the lasers empirical changes are actually easier to make than
with the furnace, but temperature profile measurements are not
because electrical leads must be brought out thr1ch the 17acuum
jacket and there is interference from the pulsed electrical
discharge.

14
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4.3 MEASURMENT OF LEAD VAPOR DENSITY BY OPTICAL ABSORPTION

When recirculating wicks are used as metal vapor confinement

devices in metal vapor lasers, the existence of laser oscillation,

the level of performance and the operating lifetime before reload-

ing or replacement constitute criteria or figures of merit for

the wicks. However, in the current system in our laboratory no

such operating parameters exist to monitor the performance of the

wicks. Therefore an independent method is required to measure

the lead vapor density as a function of time.

It was decided that the most promising technique to provide

such a monitor would be the use of optical absorption on one or

more of the lines of lead. An examination of the abbreviated

energy level diagram for the lead atom (Figure 4) reveals two low

iying energy levels (6p2 3P1 and 6p
2 3 P2 ) approximately 1 eV

above the ground state which should have significant thermal popu-

lation at 13000C.

The vapor pressure of lead as a function of temperature was

taken from reference 5 and is plotted in Figure 5. This data was

also converted to number density as a function of temperature

using the ideal gas law, and this data is also included in the

figure. Using the Boltzmann distribution
-El/kTo h

n1g1 = N g e (1)

the population density for the 6p2 3P2 state was calculated over

the range of interest and is plotted in Figure 6. Clearly the

densities are large enough that a high degree of absorption would

be expected on the 405.7 nm line.

The absorption coefficient at line center, a0 , was estimated

for the 405.7 nm line using the expression

T0 2--n2gA 2 1 n1 2
= n 2 1 D (2)

0 "I T g7 1  Av D

(5) R.E.Honig and D.A.Kramer, "Vapor Pressure Data for the Solid

and Liquid Elements," RCA Review, 296 (June 1969).
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Figure 4. Energy level diagram of the lead atom.
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which is derived under the assumptions that the population of the
3

upper state of this transition (6p7s P1 ) is negligible relative

to the lower and that the line profile is solely determined by

Doppler broadening. Then the total absorption was calculated for

an assumed 85 cm absorption length in the cell, and the results

indicated total absorption at line center should occur with the

cell operating at about 900
0 C.

However, the reliability of such a simple model of the line

is not warranted under the conditions of these tests because the

pressure of the lead and the buffer gas are very high. At the

working pressures here Holtzmark broadening (lead-lead collisions)

and Lorentz broadening (lead-other atom collisions) are of signi-

ficant values. Such collisional broadening effects would produce

a line much broader than the Doppler profile with correspondingly

greater absorption in the wings of the line.

It was clearly well beyond the scope of this program to pur-

sure line-broadening calculations to evaluate the total line

absorption over the temperature range of interest. Therefore,

it was decided to implement an appropriate optical system to meas-

ure the absorption as a function of temperature. This data would

be evaluated to determine the usefulness of this technique for

monitoring the lead density in the cell.

The optical system which was assembled is shown schematically

in Figure 7. The light source is a tungsten filament lamp (GE

6V, 9A) which has sufficient intensity in the 400 nm range at its

normal operating temperature to make an absorption measurement

practical. Lenses and apertures having appropriate characteristic

dimensions were selected to project a collimated beam 3/4 inch in

diameter through the lead vapor cell. After traversing the cell

the light is focused on the entrance slit of a half-meter Ebert

monochromator. The signal is detected by a 1P28 photomultiplier

tube at the exit slit and is recorded on a chart recorder.

A curve-of-growth was generated by loading a cell tube with

several beads of lead along the entire length of the hot zone,
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thereby guaranteeing that the cell was filled with lead vapor at

the pressure corresponding to a given temperature. The tempera-

ture of the furnace was then raised in 1000C increments from its

lowest setting of 500°C to the desired operating point of 13000C.

The rate of rise of temperature was limited by the thermal time

constant of the furnace and by consideration to minimize thermal

shock to all system components. At each temperature setting the

absorption profile was measured by scanning the monochromator on

its slowest setting (2A/min) through the 405.7 nm line.

Data on the absorption measurements are listed in Table 2.

Detectable absorption was first observed at 8000C. In the 1200-

1300 C range the peak absorption is beginning to saturate as a

function of tempeiature (number density) is seen in Figure 8.

TABLE 2. PERCENT ABSORPTION AT 405.7 nm LINE CENTER
10

BUFFER TOTAL __TEMPERATURE, C
GAS PRESSURE 800 900 1000 i100 1200 1300

He 40 mm 1.2 6.6 15.1 30.7

He 40-50 mm 1.3 6.8 15.9 33.3 58.7

He/l% H2  190 mm 1.46 8.2 21.8 48.7 77.1 Q9 0

A/20% H2  180 mm 1.72 9.4 23.5 46.0 78.3 90.9

A/20% H2  175 mm 1.1 9.2 22.9 46.8 78.3 90.6

The first two rows demonstrated that we could achieve reproducible

curves-of-growth from run-to-run with new fillings of lead and the

same operating buffer gas pressures. The data in the third row

(He/l% H2 ) clearly shows that the elevated buffer gas pressure

results in more broadening of the line and greater absorption. In

the fourth row we show the data after the switch to the argon-

hydroyen mix which was used for the first long life test of the

tungsten carbide wicks (see Section 4.5). The heavier buffer gas

was selected for the life test to minimize the diffusion loss rate

of lead and thus increase the operating life, all other factors

being equal.
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It is interesting to note that at the lower temperatures

the line profile is obviously determined by the monochromator

instrument function. Whereas at the high temperatures the line

shape was not that of the instrument, particularly in the exist-

ence of broad wings. Thus the high degree of broadening must

be due to the collisional phenomena mentioned above, because

even at 1300 0 C the Doppler line width is significantly less than

the instrumental width. No attempt has been made to investigate

this further.

However, we do believe that we have established a satisfac-

tory method for determining and monitoring the lead vapor density

as a function of time during operation of the Raman cell.

4.4 CELL PREPARATION

The accumulated experience gained during the development of

the metal vapor lasers has demonstrated that proper preparation

of the ceramic tube and wick material is required for optimum long
(4)term performance. This is particularly true if a laser is to be

run under sealed-off conditions. Since the Raman cell is fabri-

cated with identical materials and is to run sealed-off for long

periods, it is obvious that similar materials preprocessing are

absolutely necessary.

In general the processing of materials consists of outgassing

or baking out at temperatures equal to or exceeding the eventual

normal operational values. In most instances for laser applica-

tions the bakeout is accomplished under discharge-heating condi-

tions either in a laser assembly itself or in an off-line process-

ing facility. Since a discharge is present the bakeout is not

done at a high ultimate vacuum, but rather at 10-20 mm of helium

with a slow flow which continuously purges the system.

The recirculating wicks can be processed as part of the tube

itself. Howev,r, we have also found merit in off-line processing

of them. By doing so the wicks can generally be heated more

easily to elevated temperatures than they can be when located in

their normal position near the ends of a tube. Also there is
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greater degree of control over the absolute temperature and the

profile when wetting in the metal.

Typically the materials will be baked out for approximately

J3 hours. In the case of the wicks about one-half of this time

will be with helium as the principal buffer gas and a small per-

centage (0.5-2.0%) admixture of hydrogen. The presence of hydro-

gen in the discharge greatly facilitates the wetting in of the

metal presumably b- its effects in reducing any oxides which have

formed on the surface of the wicking material.

In this program the ceramic tubes were baked-out at 1350 0 C

under low pressures ( 5 pm) in the high temperature furnace

facility. Their extreme length (72 inches) precluded off-line

processing because a special facility would have had to be con-

structed. Bakeout times were in the 60-90 hour range.

The wicks were processed in an off-line facility. Though

they are 2 inches longer than a typical metal vapor laser wick,

they were easily accommodated in an existing facility. The wicks

were located in the center and on-axis of a large diameter dis-

charge tube and heated to 1300 0 C for 40-60 hours. Approximately

1/3 to 1/2 of this time was with a helium/hydrogen mix. They

were then cooled, pulled out towards the ends of the tube, loaded

with beads of lead and heated up to the 600-700 0 C range. Dis-

charge heating with a helium/hydrogen mix was used. Lead was

loaded in 5 to 10 steps over several days time until they were

well wet and saturated. The wicks were then removed from the

processing facility and loaded into the Raman cell tube for testing.

4.5 LEAD VAPOR CELL TEST PROGRAM

During the test phase of this program four cells were proc-

essed, assembled and tested using two different wicking materials.

The fourth and final cell tested operated at a pd of 1.4xl19 /cm
2

for 835 hours before the test was terminated in order to prepare

a new ce-l and all the hardware for delivery. The corresponding

contract goals were pd=l.2xl19 /cm 2 and an operating time of 500

hours.
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A fifth cell was prepared for delivery, and its performance

during burn-in operation certainly suggests that the long life

operation will be reproducible. These tests will be described

in greater detail in the remainder of this section.

The first two cells which were assembled had their testing

prematurely terminated because of the occurrence of numerous

cracks which developed in the wall of the ceramic cell tube. In

the first case one or more of these cracks actually penetrated

the wall of the tube causing a vacuum leak. Thus no further test-

ing could be done, and this cell was removed from the furnace.

In the second case the tube fractured when some slight meuhan-

ical stress was placed on it. Both of these failures occurred

early in tl- test before any data on wick performance could be

obtained. Though the exact cause of the failure was never posi-

tively identified, the problem never recurred after a second

ceramic tube was placed over the main cell tube to protect it

from looking directly at the interior of the furnace.

The third cell produced the first significant test of wick

performance. Wicks consisting of tungsten plasma sprayed on a

tantalum substrate and a cell tube were processed separately as

described in Section 4.4. After the tube was cooled to room tem-

perature the wicks were positioned in the tube, and the central

region between the wicks was loaded with several small pieces of

lead.

The cell and lines were evacuated, and the furnace was heated

to 500 0 C with the tube under vacuum. The cell was then valved

off, filled to a total pressure of 190 mm of He/l% H2 and heated

to 800 0C. The cell was allowed to idle over night at these

conditions.

The temperature of the furnace was then raised to the opera-

ting value (13000C) in 1000C increments at approximately half-hour

intervals. The optical absorption on the 405.7 nm line of atomic

lead was measured at equilibrium at each value of temperature

beginning with the point of detectable absorption at 800 0 C. This

absorption data is recorded in line 3 of Table 2.

26



A maximum absorption of 89.0% was measured immediately after

reaching equilibrium at 1300 0C. Approximately 1-1/2 hours later

the absorption had fallen to 84.8%. During this decay a definite

small step decrease was observed as the last small bead of lead

disappeared from the center of the tube. The decay in absorption,

and hence lead density, continued monotonically over the next

several hours. Therefore, the test was terminated.

The system was cooled to room temperature, and the wicks and

tube were reloaded with lead. The furnace was heated to 1300°C

on a similar schedule with a He/15%H , and the absorption was

monitored as above. A similar pattern of results was obtained

implying that the wicks were not wetting well enough to confine

the lead vapor and maintain the proper vapor density. Therefore

this cell was removed from the furnace facility, and another cell

was processed.

The wicks made with a tungsten carbide wetting surface on a

tantalum substrate were selected for the fourth test cell. The

ceramic tube and wicks were processed separately before the wicks

were inserted into the cell. The center zone of the tube was

loaded with several small pieces of lead before it was evacuated.

The cell was then filled with a mixture of A/20%H 2 to a pressure

of 180 mm. The switch to argon from helium was made in order to

have a heavier buffer gas to reduce the diffusion of lead and

thereby increase operating life. The cell was heated to 1300 0 C

on a schedule essentially identical to that described above.

The absorption on the 405.7 nm line was measured at 100 0 C

intervals from 800 0 C to 1300 0 C. This data is recorded as line 4

in Table 2. A maximum absorption of 90.9% was recorded immedi-

ately after reaching equilibrium at 1300 0 C. From Figure 5 it can
17 3be seen that this corresponds to a number density of 2.2x10 /cm

During the next 18 hours the absorption fell to approximately

89.0% (Figure 9). This corresponds to a decrease in lead density

to about 1.75xlO17 /cm 3 .

However, the cell then continued to operate at essentially

this lead density for a period of 835 hours. The line absorption
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as a function of time for the run is plotted in Figure 9. A

straight line has been fit to the data (with the exception of

the point at t=0) using the least squares method. This straight

line predicts a value of 88.7% absorption at t=0 and 88.1% at

t=835 hours. This corresponds to a decrease from 1.7xl017/cm
3

to 1.6xlO 17/cm 3 over the course of the run. If we project this

line to 10,000 hours operating time the absorption would be 81.8%

corresponding to a density of .lxl0 17/cm3.

The estimated hot zone length during the test was 85 cm

which gives a pd value varying from 1.45x109 /cm
2 to 1.36x109 /cm 2

over the course of the run. If we select the contract goal of

pd=l.2xl019/cm 2 as the definition of minimum ccndition for useful

operating life, then the curve of Figure 9 gives a value of 3900
19 2hours. If the useful life criteria is lowered to 1.OxlO /cm

a factor of 20% below the contract goal, then the predicted oper-

ating life is 7500 hours. In either case the performance of the

cell during this test clearly exceeds the contract goals by a

significant margin.

Following the necessary, but unfortunately premature, ter-

mination of the very successful test another identical tube was

prepared for delivery. After materials processing and assembly

the tube was taken up to the specified operating condition. The

optical absorption data for this burn-in are shown in line 5 of

Table 2. It is clear that the performance is identical within

experimental uncertainties to the previous long life cell. Also

after having been in a stable condition at 1300 0 C for about 17

hours, the cell was taken through a thermal cycle down to 10000 C

and returned to 1300 0 C. Performance was not degraded by the

cycle. The tube was run for a total of 113 hours before the sys-

tem was disassembled for shipment. Thus we have good indications

that both reproducibility and thermal cycling can be obtained.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The operational life test of the lead vapor Raman cell which

was conducted on the current contract exceeded the contract goal

of 500 hours by a significant margin (67%) despite the fact that

the test was prematurely terminated before the actual usable life

was experimentally determined. However, projections based on an

extrapolation of the data gathered during the test indicate that

multi-thousand hour operation is easily within reach. Thus a

high temperature lead vapor Raman cell is clearly a viable device

for frequency down-conversion of XeCZ laser radiation for either

ground-based or space-based systems applications.

The next phase of this development program should address

the issues of reproducibility and the determination of the actual

usable life of the current wick designs. Materials processing

procedures need refinement, and criteria for identifying that

materials have successfully passed the processing stage must be

developed to a higher degree.

A parallel effort should begin the design and evaluation of

the next generation of wicks for very long life operations (five

years). Two design concepts exist at present and would warrant

immediate attention in follow-on work.

This continued testing must be supported by the development

of a computer code to model the wick performance for this type

of application. Verification of the model would be acrnmplished

by parametric studies using current cell designs. Such a model

is absolutely required to predict cell performance out to five

years for various design concepts since tests of that duration

are obviously not practical.

Finally, the level of performance is already such that engi-

neering design studies should be undertaken to define the systems

concepts for ground-based, airborne or space-based applications.
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APPENDIX

INSTALLATION/OPERATION INSTRUCTIONS
9

1. Assemble/install furnace as per Lindberg instruction manual.

2. Perform initial furnace bake-out as per said manual.

3. Cool furnace to room temperature.

4. Assemble/install lead vapor Raman cell in furnace using

Figure 1 of this report as a guide.

4.1 Insert large diameter ceramic tube into furnace with

two inner ceramic support rings. Position rings over

support stands and then insert outer ceramic support

rings into firebrick end walls of furnace.

4.2 Insert main cell tube and support with ceramic rings

in firebrick end walls and put insulation sleeves into

place.

4.3 Install window assemblies.

4.4 Assemble vacuum lines/hardware and connect to window

assemblies.

5. Pump out and leak check (if possible) with helium leak

checker.

6. After cell has pumped down to 10-15 microns, set furnace at

500 C. Allow system to idle overnight at 500-700 C while

pumping on cell.

7. Valve off cell and fill to 180-200 mm of A/20%H 2 mixture.

8. Increase temperature to desired operating point in 50 or

1000C increments. Rates of %150 C/hr have been done with

no apparent thermal shock problems.
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